Chronic elevations in interleukin (IL)-6 have been associated with insulin resistance, but acute IL-6 administration can enhance insulin sensitivity. Our aim was to exogenously administer IL-6 to rats to elicit either chronic or repeated acute elevations in systemic IL-6. We hypothesized that a continuous elevation of IL-6 would inhibit glucose tolerance and insulin sensitivity while acute intermittent elevations would improve it. Male Wistar rats were treated for 14d with recombinant human IL-6 (2 . 4 mg/day) or saline administered either by miniosmotic pump (continuous IL-6) or via twicedaily injection (intermittent IL-6). Glucose and insulin tolerance tests were performed following 14-d treatment and 24 h later rats were administered a bolus of insulin (150 mU/g) or saline intraperitoneally. Approximately, 10 min after insulin injection soleus, gastrocnemius and liver were excised and rapidly frozen in liquid nitrogen for subsequent metabolic measures. Irrespective of the mode of delivery, IL-6 treatment increased basal insulin sensitivity, as measured by the homeostatic model assessment of insulin resistance, and enhanced glucose clearance during an i.p. glucose tolerance test. IL-6 increased circulating fatty acids, but did not increase triglyceride accumulation in either skeletal muscle or liver, while it increased the protein expression of both PPARa and UCP2 in skeletal muscle, suggesting that IL-6 can enhance fat oxidation via mitochondrial uncoupling. These data demonstrate that, irrespective of the mode of delivery, IL-6 administration over 2 weeks enhances glucose tolerance. Our results do not support the notion that prolonged chronically elevated IL-6 impairs insulin action in vivo.
Introduction
In the past decade, it has become apparent that obesity is linked to a state of chronic inflammation that occurs in tissue such as the liver, adipose and skeletal muscle (Hotamisligil 2006) . Obesity results in the secretion of inflammatory cytokines such as resistin, tumour necrosis factor-a and interleukin-6 (IL-6) form macrophages and/or adipocytes, which can then act via transmembrane receptors in metabolically active tissue to activate serine/threonine kinases known to disrupt insulin signal transduction (Wellen & Hotamisligil 2005) . Given this pro-inflammatory response, and the observation that systemic IL-6 concentrations are elevated in obesity and patients with type 2 diabetes (Bastard et al. 2000 , Vozarova et al. 2001 , it is generally thought that elevations in the plasma and/or tissue concentrations of IL-6 have a negative effect on metabolism (Lazar 2005) . However, the discovery that IL-6 can be produced (Hiscock et al. 2004 ) and released (Steensberg et al. 2001 ) from skeletal muscle during exercise, led to renewed interest in the role of IL-6 in the aetiology of insulin resistance because insulin action is enhanced in the immediate post-exercise period (Wojtaszewski et al. 2000) . Presently, the role of IL-6 in insulin resistance is both unclear and the subject of intense debate , Kristiansen & Mandrup-Poulsen 2005 , Ruderman et al. 2006 , Mooney 2007 , Pedersen & Febbraio 2007 . On the one hand, subjecting lean mice to chronically elevated IL-6 for 5 days causes hepatic insulin resistance , while treating mice that harbour genetic mutations resulting in hepatic insulin resistance, with IL-6 neutralizing antibodies improves such a phenotype (Cai et al. 2005 , Klover et al. 2005 . On the other hand, several recent studies have demonstrated that IL-6 can enhance both glucose uptake (Al-Khalili et al. 2006 , Carey et al. 2006 , Glund et al. 2007 ) and fat oxidation (Bruce & Dyck 2004 , Petersen et al. 2005 , Al-Khalili et al. 2006 , principally via the activation of AMP-activated protein kinase (AMPK) (Carey et al. 2006) , while IL-6 knockout mice become obese and glucose intolerant (Wallenius et al. 2002) .
While it is difficult to reconcile the lack of consensus regarding the role of IL-6 on insulin action, in general, it appears that in circumstances where IL-6 is chronically elevated, it has a negative effect on insulin action while acute IL-6 treatment tends to improve insulin action. This may be due to the fact that chronically elevated IL-6 results in elevated expression of suppressor of cytokine signalling-3 (SOCS3) , which is generally thought to induce insulin resistance (Ueki et al. 2004) , while acute doses of IL-6 may not result in a sustained increase in SOCS3 necessary to disrupt insulin signalling. Accordingly, in the present study we tested the hypothesis that chronic elevation of IL-6 may induce insulin resistance, but acute IL-6 elevations may result in an insulinsensitizing effect due to the activation of AMPK. To test this hypothesis, we treated male Wistar rats for 14 d with recombinant human (rh) IL-6 (2 . 4 mg/day) or saline administered either by miniosmotic pump (continuous IL-6) or via twice-daily injection (intermittent IL-6). Irrespective of the mode of delivery, herein we show that 14-d treatment with IL-6 improves insulin sensitivity and glucose tolerance.
Materials and Methods

Animals
Male Wistar rats weighing w220 g were purchased from Monash Animal Facility (Clayton, Victoria, Australia). The animals were housed in the RMIT University animal facility in a controlled environment with a ratio of 12 h light:12 h darkness cycle and were fed rat food and water ad libitum. All experimental procedures were approved by the Animal Ethics Committee of RMIT University. Animals were randomly assigned to receive IL-6 or saline vehicle in a continuous or intermittent manner, with 12 animals in each group.
IL-6 treatment
For experiments examining continuous IL-6 exposure, osmotic pumps (Alzet 2ML2; Durect, Cupertino, CA, USA) with a 14-d pumping capacity and an infusion rate of 4 . 5 ml/h were used. Pumps were filled to capacity with 22 . 5 mg/ml rhIL-6 diluted in carrier (0 . 9% NaCl and 0 . 1% BSA) resulting in a daily delivery of 2400 ng rhIL-6. Following the induction of general anaesthesia with sodium pentobarbitone (6 mg/100 g bw; Sigma), pumps were implanted into the intrascapular subcutaneous space. Incisions were closed with interrupted absorbable sutures. Control animals received pumps containing the carrier alone. Intermittent IL-6 treatment was achieved by injecting rats with rhIL-6 into the intraperitoneal space twice daily. At 0700 and 1900 h, 1200 ng rhIL-6 diluted in carrier (0 . 9% NaCl and 0 . 1% BSA) was injected daily for 14 d. Control animals received saline injections of the same volume at the same time. Pumps were removed 24 h prior to metabolic testing. Due to the large quantities of recombinant IL-6 necessary to perform these experiments, it was not possible to use recombinant mouse IL-6 and we were, therefore, compelled to use rhIL-6. However, rhIL-6 has been shown to be as effective in rodent as in human cells (Cayphas et al. 1987 ) and rhIL-6 has been used in previous rodent in vivo experiments with efficacy .
Insulin and glucose tolerance tests
Rats were fasted for 12 h overnight and tested at 0700. Basal blood samples (tZ0) were taken from the tail of restrained rats for blood glucose and plasma insulin measures. For glucose tolerance tests, 1 g/kg bw glucose was injected i.p. Blood samples for the measurement of glucose and plasma insulin levels were obtained from the tail at 15, 30, 60 and 120 min. For insulin tolerance tests, 0 . 75 U/kg bw insulin (rh insulin; Actrapid) was injected i.p. Blood samples for glucose measurement were obtained from the tail at 15, 30, 60 and 120 min.
Tissue collection and analyses
Rats were anaesthetized (6 mg/100 g bw sodium pentobarbitone; Sigma), and injected with insulin (150 U/kg) or saline vehicle i.p. After w10 min soleus, gastrocnemius and liver were excised and rapidly frozen in liquid nitrogen for storage at K80 8C. Muscle and liver triacylglycerol (TAG) content were analyzed using the Folch extraction method as previously described (Bruce et al. 2003) . Maximal activities of the enzymes citrate synthase (CS) and b-hydroxyAcyl-CoA dehydrogenase (b-HAD) in liver and skeletal muscle were assayed spectrophotometrically (Watt et al. 2006a) . AMPK activity in muscle and liver were analysed using the AMPK SAMS peptide assay previously described (Watt et al. 2006b ). Proteins were analysed by western blot as previously described (Carey et al. 2006 , Watt et al. 2006a . All antibodies except for anti-UCP3, anti-UCP2 (Alpha Diagnostics, San Antonio, TX, USA), anti-SOCS3, anti-phospho (Ser 32 )-Ikba, anti-Ikba, anti-peroxisome proliferator-activated receptor (PPAR) g coactivator-1 a (PGC-1a) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PPARd and anti-PPARa (Research Diagnostics, Concord, MA, USA) were obtained from Cell Signaling (Beverly, MA, USA).
Plasma analysis
Plasma IL-6 was measured by commercially available enzymelinked immunosorbent assay (Rat ELISA Cat No BMS625, Bender MedSystems Inc., Burlingame, CA, USA). Plasma glucose was measured using an automated glucose-oxidase method (Yellow Springs Instruments, Yellow Springs, OH, USA). Insulin was measured by ELISA (#EZRMI-13K, Linco Research, St. Charles, MO, USA). The homeostatic model assessment of insulin resistance (HOMA-IR) was then calculated from these results (HOMA-IRZplasma insulin (mU)!glucose (mmol/l)/22 . 5). Free fatty acid content (FFA) was measured spectrophotometrically by an enzymatic colorimetric assay (Wako NEFA C kit; Wako Chemicals, Richmond, VA, USA).
Statistical analyses
Data were analyzed using a one-way or two-way ANOVA with repeated measures (SPSS, Chicago, IL, USA), with significance accepted with a P value of !0 . 05. If analyses revealed a significant interaction, a Newman-Keuls post hoc test was used to locate specific differences. Data are presented as meansGS.E.M.
Results
No differences in any measures were observed between intermittent saline-and continuous saline-treated groups. Hence, data from these two groups were pooled and are herein referred to as control. No differences were observed in body weight, food intake or adipose tissue mass when comparing the three groups over the two-week period. IL-6 concentration in control was 23 . 8G8 . 8 vs 134G69 pg/ml in continuous IL-6 treated rats. Importantly, this approximate sixfold elevation of IL-6 attained with continuous IL-6 was similar to levels reached in obesity, as previously reported . During intermittent IL-6 treatment, IL-6 steadily increased reaching a peak of 622G280 pg/ml, 3 h following injection after which time it fell back returning to baseline 5 h after injection. This represented an approximate 30-fold increase in IL-6 and it has previously been shown that during strenuous exercise IL-6 can increase over 100-fold in the plasma (Starkie et al. 2001 ).
IL-6 treatment decreases HOMA-IR and increases glucose tolerance
Fasting plasma glucose levels averaged 5 . 0G0 (Fig. 1A) . Next, to assess whether IL-6 affected glucose or insulin tolerance, we performed intraperitoneal insulin tolerance test (IPITT) and IPGTT. Somewhat surprisingly we observed no effect of IL-6 on glucose concentration during the IPITT (Fig. 1B) . However, consistent with our HOMA-IR measures, both intermediate and continuous IL-6 treatments markedly improved glucose tolerance (Fig. 1C) . This was unlikely due to an effect on insulin secretion as no differences were observed in insulin concentration at anytime point during the IPGTT (Fig. 1D) . Given the results with respect to HOMA-IR and glucose tolerance, we next assessed insulin signalling by measuring the tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1), the association of IRS-1 with the p85 subunit of phosphatidylinositol-3 kinase (PI3)-kinase and phosphorylation of Akt (Ser 473 ). Although, as expected, insulin markedly increased these measures, IL-6 treatment had no effect on any aspect of insulin signalling in either tissue ( Fig. 2A-C) .
IL-6 treatment increases circulating FFA, but does not affect muscle or liver TAG content Acute IL-6 treatment has been shown to increase both adipose tissue lipolysis and skeletal muscle fat oxidation in vitro (Peterson et al. 2005 , Carey et al. 2006 and in humans (van Hall et al. 2003 , Peterson et al. 2005 ) and rodents (Bruce & Dyck 2004) in vivo. Although in the present study, we did not measure fat oxidation, we measured circulating FFA and skeletal muscle and liver TAG content. Consistent with the notion that IL-6 increases lipolysis, both intermittent and continuous IL-6 treatments markedly A G HOLMES, J L MESA and others . IL-6 improves glucose tolerance increased fasting plasma FFA concentration (Fig. 3A) . Despite this elevation, we observed no differences in TAG accumulation in either skeletal muscle (Fig. 3B) or liver (Fig. 3C) , suggesting that IL-6 may have increased fat oxidation. Carey et al. (2006) and others (Kelly et al. 2004 , Al-Khalili et al. 2006 , Glund et al. 2007 ) have reported that acute IL-6 treatment increases the activation of AMPK in skeletal muscle. Moreover, IL-6-induced increases in fat oxidation appear to be AMPK dependent (Carey et al. 2006) . Accordingly, we next examined the effect of intermittent and continuous IL-6 treatment on AMPK activity in skeletal muscle and liver. By contrast, with the acute effects of IL-6 on AMPK, we saw no differences when comparing IL-6 treatment with control in either skeletal muscle (Fig. 4A) or liver (Fig. 4B) . These data suggest that the effects of IL-6 on increasing AMPK activity are acute and do not persist 24 h after IL-6 stimulation has ceased. Consistent with this notion, we saw no differences when comparing the three groups for the phosphorylation of STAT3 (Tyr 705 ) in skeletal muscle and we have previously shown a relationship between STAT3 phosphorylation and AMPK activation when treating animals with gp130 receptor cytokines (Carey et al. 2006 , Watt et al. 2006a . To next test whether IL-6 may have up-regulated key pathways implicated in fat metabolism and enhanced insulin sensitivity, we measured a number of proteins. We observed no difference in GLUT4 protein expression in skeletal muscle when comparing the three groups (data not shown). The expression of PGC-1a (Handschin & Speigelman 2006) and PPARs (Evans et al. 2004 ) have been directly implicated in fat metabolism and insulin sensitivity. Accordingly, we measured PGC-1a and PPAR isoforms in skeletal muscle after IL-6 treatment. Irrespective of mode of delivery, IL-6 did not affect the expression of PGC-1a or PPARd (Fig. 5A) . However, irrespective of mode of delivery, IL-6 treatment increased the expression of PPARa protein expression in skeletal muscle (Fig. 5A) . The uncoupling proteins UCP2 and UCP3 have also been implicated in increasing substrate oxidation (Schrauwen & Hesselink 2002) , and UCP2 expression is reduced in skeletal muscle from obese patients (Nordfors et al. 1998) . Accordingly, we measured the protein expression of both UCP2 and UCP3 in the skeletal muscle of our treated rats. While UCP3 was not affected by IL-6 treatment ( Fig. 5B) , UCP2 expression was elevated in both phasic and chronic IL-6 treatment (Fig. 5B) .
IL-6 increases PPARa and UCP2 expression in skeletal muscle
Since we were unable to measure lipid oxidation and since PPAR and UCPs have been linked to enhanced oxidative metabolism, we next measured the maximal activity of the enzymes CS and b-HAD that are the important markers of mitochondrial capacity. No differences were observed in liver CS and b-HAD maximal activities (data not shown). Although there was a tendency in skeletal muscle for both CS and b-HAD to be increased with continuous IL-6 treatment when compared with control when analyzed by ANOVA, results were not significant. Of, note, however, compared by t-test, b-HAD maximal activity was higher (P!0 . 05) when comparing continuous IL-6 with control.
IL-6 treatment does not result in SOCS3 or activation of the NFkB signalling cascade in skeletal muscle or liver.
As discussed, previous studies have shown that IL-6 impairs hepatic insulin signalling (Klover et al. 2005) which has been linked to elevated liver SOCS3 expression . In addition, recent evidence has suggested that IL-6 may mediate NFkB-induced insulin resistance (Cai et al. 2004) . Accordingly, in the present study, we measured SOCS3 mRNA and protein expression and IkB phosphorylation (Ser 32/36 ) and expression in both liver and skeletal muscle. SOCS3 mRNA abundance was elevated in skeletal muscle (Fig. 6A ), but not in liver (Fig. 6B ) compared with control. However, we observed no differences when comparing groups for SOCS3 protein expression and/or phosphorlyated or total IkBa in either skeletal muscle or liver (Fig. 6C ).
Discussion
The results from this study demonstrate that irrespective of mode of delivery, IL-6 administration for 14 d increases glucose tolerance in healthy rats. Moreover, such treatment increases the protein expression of PPARa and UCP2 in skeletal muscle, two proteins that have been implicated in the upregulation of fat oxidation.
Our data are in contrast to those reported by Mooney et al. in previous studies in mice . We have no direct explanation why our data differs with this previous report, however, there are some important methodological differences when comparing our study with this previous report. Firstly, our study was performed in rats and we have noted when comparing rats, mice and humans during euglycemic hyperinsulinemic clamps (EHC) that while humans and rats exhibit w100% suppression of hepatic glucose production during EHC, this is not so with mice, suggesting that mice display liver insulin resistance relative to the other species (Febbraio unpublished observations). Therefore, while both studies were performed in rodents, the species difference may be important. It is also important to note that in our study, we chose to remove the miniosmotic pumps or deliver the last IL-6 injection 24 h prior to metabolic testing whereas in the previous paper , it appeared that the IL-6 treatment persisted throughout. We chose this strategy in an attempt to test whether the chronic effects of IL-6 persist in the absence of acute IL-6 stimulation and this may have been a crucial methodological difference when comparing the two studies.
In the present study, we demonstrated that IL-6 treatment lowered basal glucose and insulin levels (as measured by HOMA-IR) and markedly improved glucose tolerance. Consistent with these results, in a previous publication from our group, we also observed a marked drop in both circulating insulin and HOMA-IR during IL-6 infusion into humans (Petersen et al. 2005) . However, in the present study, we did not detect differences in insulin tolerance as measured during the IPITT or improved insulin signalling as measured by tyrosine phosphorylation of IRS-1, the association of IRS-1 with the p85 subunit of PI3-kinase or the phosphorylation of Akt (Ser 473 ) in liver or muscle. It is unlikely that the improved glucose tolerance was due to an effect of IL-6 on insulin secretion during the IPGTT, since we measured near identical plasma insulin levels during this test (Fig. 1D) . We have no explanation why we would observe differences in HOMA-IR and GTT, but not ITTor insulin signal transduction although it must be noted that in our ITT, the animals were relatively insulin tolerant as the glucose levels fell precipitously with the nadir being w5 fold lower than basal (Fig. 1B) . It is possible that this dose of insulin (0 . 75 U/kg bw) was too severe and induced counter-regulatory measures which masked any difference observed in insulin tolerance, but this is speculative. In previous studies, we have measured an increase in insulinstimulated glucose uptake and phosphorylation of Akt in muscle cells exposed to acute (120 min) IL-6 (Carey et al. 2006) . It was not possible to chronically treat muscle cells for the period of time that we exposed the rats to IL-6, however, in attempting to elucidate the mechanism by which chronic IL-6 treatment lead to enhanced glucose tolerance, we treated L6 myotubes with 100 ng/ml IL-6 for 1, 12, 24 and 48 h. Of note, the enhanced insulin action we previously observed when cells were exposed to IL-6 for 120 min (Carey et al. 2006) was also seen in these recent experiments at 1 and 12 h, but were abolished at 24 and 48 h (data not shown). Together, these data coupled with the ITT (Fig. 1 ) and insulin signalling data (Fig. 2) , would argue against chronic IL-6 enhancing insulin action in muscle. Hence, the mechanism accounting for the enhanced glucose tolerance that was observed in every animal irrespective of mode of delivery requires further investigation.
IL-6 rapidly induces the transient expression of SOCS3 (Starr et al. 1997) . In the present study, we observed an increase in SOCS3 mRNA in skeletal muscle (Fig. 6A) but not in liver (Fig. 6B) , but, importantly no elevation in SOCS3 protein expression in either liver or skeletal muscle 24 h following removal of IL-6 stimulation (Fig. 6C) , indicating that the IL-6 induced elevation in SOCS3 is transient. While we have previously reported that treating skeletal muscle myotubes and adipocytes with IL-6 results in elevated SOCS3 expression within 60 min of the treatment (Carey et al. 2006) , without altering insulin sensitivity, others have shown that the IL-6 mediated insulin resistance in hepatocytes was associated with increased SOCS3 expression (Senn et al. 2003) . The notion that SOCS3 induces insulin resistance (Ueki et al. 2004) has recently been challenged by two in vivo studies. Firstly, while liver specific knockout mice display enhanced liver insulin signalling, they become obese and insulin resistant, suggesting that SOCS3 expression in liver functions to suppress inflammation and systemic insulin resistance (Torisu et al. 2007) . Secondly, Inoue et al. (2006) have reported that IL-6-STAT3 signalling in the liver, which results in elevated SOCS3 expression, contributes to insulin action in the brain, leading to the suppression of hepatic glucose production. Hence, the notion that IL-6 may mediate hepatic insulin resistance by increasing hepatic SOCS3 expression is unclear and requires further work.
IL-6 increased circulating FFA without altering liver and skeletal muscle TAG accumulation. These data coupled with the observed increases in PPARa and UCP2 expression in skeletal muscle suggests that IL-6 increased fatty acid oxidation. In addition, the tendency for chronic IL-6 administration to increase the maximal activity of CS and b-HAD is consistent with an effect of IL-6 on increasing mitochondrial capacity and hence the ability to oxidize substrate. These data are consistent with previous reports that IL-6 increases lipolysis and lipid oxidation in vitro, in vivo and in skeletal muscle ex vivo (van Hall et al. 2003 , Bruce & Dyck 2004 , Petersen et al. 2005 .
In summary, we have demonstrated that irrespective of the mode of delivery IL-6 administered to rats for 14 d increases basal insulin sensitivity, as measured by the HOMA-IR and enhances glucose clearance during an IPGTT. Moreover, while IL-6 increased circulating fatty acids, it did not increase lipid accumulation in either skeletal muscle or liver while it increased the protein expression of both PPARa and UCP2 in skeletal muscle. These data demonstrate that, irrespective of mode of delivery, IL-6 administration over 2 weeks enhances glucose tolerance. Our results do not support the notion that prolonged chronically elevated IL-6 impairs insulin action in vivo.
